a b s t r a c t
Persistent Organic Pollutants (POPs) are global pollutants that can migrate over long distances and bioaccumulate through food webs, posing health risks to wildlife and humans. Multilateral environmental agreements, such as the Stockholm Convention on POPs, were enacted to identify POPs and establish the conditions to control their release, production and use. A Global Monitoring Plan was initiated under the Stockholm Convention calling for POP monitoring in air as a core medium; however long temporal trends (>10 years) of atmospheric POPs are only available at a few selected sites. Spatial coverage of air monitoring for POPs has recently significantly improved with the introduction and advancement of passive air samplers. Here, we review the status of air monitoring and modeling activities and note major uncertainties in data comparability, deficiencies of air monitoring and modeling in urban and alpine areas, and lack of emission inventories for most POPs. A vision for an internationallyintegrated strategic monitoring plan is proposed which could provide consistent and comparable monitoring data for POPs supported and supplemented by global and regional transport models. Key recommendations include developing expertise in all aspects of air monitoring to ensure data comparability and consistency; partnering with existing air quality and meteorological networks to leverage synergies; facilitating data sharing with international data archives; and expanding spatial coverage with passive air samplers. Enhancing research on the stability of particle-bound chemicals is needed to assess exposure and deposition in urban areas, and to elucidate long-range transport. Conducting targeted measurement campaigns in specific source areas would enhance regional models which can be extrapolated to similar regions to estimate emissions. Ultimately, reverse-modeling combined with air measurements can be used to derive "emission" as an indicator to assess environmental performance with respect to POPs on the country, region, or global level.
Ó 2013 The Authors. Published by Elsevier Ltd.
Introduction and objective
Persistent Organic Pollutants (POPs) are an international concern due to their resistance to degradation, ability to be transported over long distances from sources by air and ocean currents, and potential to bioaccumulate through terrestrial and aquatic food webs to levels that may result in adverse health effects for animals and humans. Due to these concerns, multilateral environmental agreements (MEAs) have been enacted to control the release, production and use of POPs, including global conventions dealing with toxics and waste (the Basel and Rotterdam Conventions), the Stockholm Convention (SC) on POPs, and the POPs Protocol under the United Nations Economic Commission for Europe (UNECE) Convention on Long-Range Transboundary Air Pollution (CLRTAP).
Air is the major route of long-range transport through the environment for many POPs (UNEP, 2009 (UNEP, , 2013 . In areas where there are no sources of POPs, atmospheric transport drives contaminant levels. Thus, both SC and CLRTAP have provided frameworks to monitor POPs in the atmosphere. These include the Global Monitoring Plan (GMP) for SC (which has identified air as one of the two core media for monitoring), the European Monitoring and Evaluation Programme (EMEP) and the Working Group on Effects (WGE) for CLRTAP. Various national and regional monitoring programs, and surveillance-type studies, provide valuable data on POP concentrations in air. However, standard environmental indicators for POPs to interpret these concentrations and to assist in policy-making are still lacking (UNEP, 2012) .
The objective of this article is to propose a systematic structure for collecting and applying information about the atmospheric concentrations of POPs, in order to develop and evaluate potential indicator(s) for assessing environmental performance at curtailing POPs at national, regional and global scales. Such indicators could be incorporated into the Environmental Performance Index (EPI), which ranks countries according to how close they are to established environmental policy goals (http://epi.yale.edu/).
Our approach is to first identify gaps and deficiencies in the existing ambient air monitoring and measurements for POPs by assessing spatial coverage, temporal resolution and measurement techniques. We then develop a vision for a strategic monitoring plan that integrates measurements and modeling, and would provide an empirical basis to develop standard air quality indicators for both short-and long-term environmental performance assessments.
The development of air quality indicators for POPs presents significant challenges distinct from other priority air pollutants due to several specific characteristics:
(1) Health impacts of POPs are not immediate; and usually result from chronic, cumulative, and long-term exposure to one or more substances. For example, POPs do not usually cause respiratory health effects. (2) POPs can partition to multiple environmental media (air, soil, water, sediment, plants, animals etc.) and the major exposure route is non-atmospheric; e.g. through ingestion and bioaccumulation. For many POPs, the atmosphere serves as an entry-point into the environment where they are carried from sources to receptors.
(3) Sources of POPs vary spatially and temporally depending on use and transport. Primary emission sources may be agricultural [for organochlorine pesticides (OCPs)], industrial [polychlorinated biphenyls (PCBs), poly-and perfluorinated compounds (PFCs), flame retardants (FRs)], health-related applications [dichlorodiphenyltrichloroethanes (DDTs) and lindane], or unintentional releases due to combustion [polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs) and polycyclic aromatic hydrocarbons (PAHs)]. As atmospheric concentrations of legacy POPs decline, reservoirs that have accumulated in oceans, land and snow/ice can become 'secondary sources' that re-emit POPs to the atmosphere. The profile of POPs in air at any given location is unique; representing a combination of local and regional primary and secondary emissions coupled with transport from more distant regions mainly through air but also via water or even biovectors (e.g. migrating birds, fish, marine mammals). (4) Toxic effects of POPs manifest themselves in multiple endpoints and are not well defined for mixtures of POPs. Some endpoints may not even be recognized yet. (5) There are sampling and analytical challenges for POPs due to their very low ambient air concentrations [typically in pg m À3 (1 ppq) or lower], and the large number and variety of POPs.
Real-time analysis of POPs is not yet feasible with existing instrument sensitivity. (6) New POPs are continually being added to national and international control initiatives . In many cases, there are high uncertainties regarding the physicochemical properties and environmental fate and behavior of these new substances. The increasing number of POPs presents resource (including financial) and technical challenges for existing monitoring programs.
Recently, several extensive assessments have identified the deficiencies in the air monitoring and measurements of POPs, and made recommendations for improvements, including UNEP (2007, 2012, 2013) , UNECE (2010) Part C, and AMAP (2010). Viewpoint articles (e.g. Klánová et al., 2011) and special issues in the peerreviewed literature have also addressed the role of science in supporting international efforts to regulate and monitor POPs [Atmospheric Pollution Research vol.3 (4), 2012 and Trends in Analytical Chemistry vol. 46, 2013] . Here, we summarize and build on the information given in these documents and translate them into a form that is usable by decision-makers for developing indicators specifically for POPs.
Overview of Current monitoring systems, modeling and indicators

Current monitoring networks and sampling techniques
Two main types of air sample collection techniques are used for POPs: active sampling (involving pulling air through a trap with an electric pump, e.g. high-or low-volume air sampling) and passive air sampling (PAS) (mainly diffusion-based, trapping chemicals on sorbents without the use of electricity). Concentrations of POPs in air derived from these two techniques are not always directly comparable; but they complement each other by providing different information. Active sampling provides quantitative concentrations of POPs in both gas and particle phases over short time intervals (several hours to 1 week) whereas PAS provides semiquantitative data over longer periods (typically 1e3 months up to 1 year) (Harner et al., 2004; Wania et al., 2003) . Recent developments include a passive flowthrough sampler (FTS) that captures both gas and particle phase chemicals in relatively largevolume air samples for use in remote locations (e.g. the Arctic and the Tibetan Plateau) (Xiao et al., 2007 (Xiao et al., , 2012 . Active sampling is more expensive to operate, more labor intensive and requires power, therefore it is well-suited for intensive monitoring at wellequipped stations. PAS is cheaper, easy to deploy and, thus, bettersuited for remote monitoring sites or for developing a large network of sites. More information can be found in UNECE (2010) and UNEP (2013). Fig. 1 shows a map of currently-operating monitoring sites and networks. Most networks using active sampling techniques started in the 1990s (circles in Fig. 1 ) and those using PASs started in the mid to late-2000s (squares in Fig. 1 ). Sampling sites that were previously in operation and may be restarted to assess concentration changes, are given in Fig. A1 . Additional network information can be found in UNECE (2010). Following the establishment of the GMP, new networks and stations were initiated to increase spatial resolution and to fill data gaps ( Fig. 2 ). Better spatial coverage is still needed in the Caucasus region of Eurasia, Middle East, Russia and the Pacific Islands.
Uncertainties and challenges in the monitoring of POPs in air
Major uncertainties in POP air measurements originate from different sample preparation and analytical techniques used by different laboratories for the same chemicals. Two large-scale international interlaboratory comparison studies Schlabach et al., 2012) assessing analytical differences among laboratories analyzing air samples for POPs showed good agreements among laboratories when analyzing standards; but much larger variability (up to a factor of two difference between laboratories) when actual air samples were analyzed, likely related to sample cleanup processes. Temporal and spatial trend data from a given monitoring program are likely to be internally consistent, but caution is warranted when datasets from different monitoring programs are compared.
Moreover, adding new chemicals to MEAs may generate sampling and analytical challenges, increasing the costs and technical expertise required to operate air monitoring programs.
Existing indicators for characterizing POPs in air
Existing indicators used to identify chemicals that are likely to have the undesirable properties which define a chemical as a POP, as given under the SC and CLRTAP POPs Protocol include persistence (P), bioaccumulation (B) and toxicity (T). An indicator that is especially relevant to assessing the behavior of atmospheric organic micropollutants is L, long-range transport potential. Most POPs identified in the SC and CLRTAP POPs Protocol combine high P, B and L with at least some degree of T. It is notable that none of the existing indicators were designed to address the measurement of air quality directly. These indicators generally estimate the potential of chemicals to affect environmental quality in regions far away from sources and a long time after their use and release has stopped.
Transport and environmental fate models
Several models that have been developed specifically to describe the behavior of POPs in the global environment are described in the review by Scheringer and Wania (2003) . The models describe the interplay of emissions, partitioning between air, water and soil, degradation and transport of POPs on the global scale. Owing to a lack of emission data and limited spatial and temporal coverage of monitoring data, case studies that evaluate the performance of the models against observations were restricted to only a few, relatively well-studied POPs (UNECE, 2010; Becker et al., 2011) . In general, comparisons between modeled and measured concentrations of POPs in the atmosphere agree within factors of 3 for the well-studied POPs, and there is good agreement among the different models. Table A1 ). Symbol shapes represent sampling types (passive -, active or both 4) and symbol colors represent program/network. Shaded area indicates the regional active sampling network of XVPCA (see Table A1 ) with number of sites (30) given on top.
Considerations on air monitoring for POPs in different regions
Global monitoring can only be achieved by balanced planning and international cooperation. Region-specific aspects must be considered to produce meaningful results with limited resources. Large geographical subunits of the world called regional groups of Parties are specified in MEAs. The regional groups are countries or country-groups (e.g. EU) that have ratified and are thus obliged to a particular MEA. Within a regional group, there are geographical and social configurations relevant to describing air quality and levels of POPs which we refer to as representative zones that are common across regions. A good selection of air monitoring sites in representative zones specific to each regional group is essential to characterize the status of air pollution.
In representative zones, various sites are considered: (1) nearsource zones that include (a) urban/industrial sites and (b) agricultural sites where POPs are used and may be produced; (2) alpine and highland zones with high-altitude sites which in some cases can be densely populated and lastly, (3) polar/remote zones with remote sites which are far from sources and have low population densities, making them most suitable for observing global burden changes and long-range atmospheric transport (LRAT).
Near-source zones
Measuring concentrations of POPs in air at sites near sources (urban, industrial or agricultural) is important for understanding:
(1) the exposure routes to humans, the food webs and the environment, (2) the impact on POP concentrations due to changes in local regulations and activities, and (3) the role of these regions as a source for LRAT.
Urban and industrial regional sites
Recently, concerns raised by the potential effects of chronic exposure to POPs in air have driven an interest in monitoring in urban settings, where air concentrations are elevated (Ross and Birnbaum, 2003) . However, an adequate risk assessment cannot be performed since air concentration data of POPs within cities are limited.
Emission inventories of POPs are still lacking for many regions. However, regulating POPs under SC (with 178 parties thus far) has facilitated the development of inventories for legacy POPs; especially for the highly toxic PCDD/Fs, released as unintentional byproducts of many industrial processes and practices, such as open burning of wastes (Estrellan and Iino, 2010) , common in the developing world.
Urbanization and industrialization patterns observed decades ago in developed countries are now repeated in countries with economies in transition and in developing countries. Rapid urbanization in Asian and Latin American megacities with >10 million inhabitants is causing significant pollution problems linked to the increase in air-borne particle concentrations (UNEP, 2012), having implications on inhalation and deposition of particle-bound POPs (e.g. most flame retardants, PAHs and PCDD/Fs). Many countries are transitioning from regulating PM10 to PM2.5 with more stringent limit values, aiming to better protect human health. Fine particles, which may transport further without depositing and may protect substances from degradation en route, play an important role in determining the fate of POPs in the atmosphere; yet, there Table A1 ). Symbol shapes represent sampling types (passiveor active ) and symbol colors represent programs/networks. Shaded areas show regional passive sampling networks with number of sites given on top.
are insufficient laboratory-based studies to characterize partitioning of POPs to fine particles. The distribution of POPs on particles of different sizes in ambient environment is virtually unknown due to major challenges in obtaining adequate quantifiable amounts of POPs on each particle size range. Gas-particle partitioning correlations used in models are subject to high uncertainty and cannot be assumed to adequately describe observed ambient values at a particular place or time due to high variability.
Significant changes in global emission patterns of POPs can be expected in the urbanization/industrialization process. Industries that tend to emit POPs or their precursors have largely migrated from developed countries in Europe and North America to Asian countries (including China, India, Vietnam and Thailand), Russia and Brazil (UNEP, 2012) . Polluting industries located in cities move to rural/remote locations to accommodate high-tech and service industries, with potential technological upgrades and improved emission/waste management during the move. Development of new energy channels (e.g. gas pipelines and ultra-high voltage power grids) and modern transportation systems (e.g. crosscountry highways and high-speed railways) would significantly alter the emission patterns of combustion-derived POPs.
Electronic-waste is of great concern in developing countries. Bogdal et al. (2013) reviewed recent global PAS measurements of POPs and found relatively high air concentrations of PCBs in Africa and South-East Asia, where PCBs have never been extensively used or produced, which can be linked to waste from industrialized countries. E-waste processing (dismantling, burning and acidic treatment) can release significant amounts of PBDEs, PCBs and PCDD/Fs to the environment, and pose negative effects on human health on site .
Both the global shift of industries and e-waste could potentially increase the POP emissions per unit of production, as the production is carried out and the products and e-waste are exposed at higher environmental temperatures in subtropical-tropical regions (Tian et al., 2011; Breivik et al., 2011) .
Agricultural regional sites
Agricultural regions are important sources of current-use pesticides (CUPs) and legacy pesticides, e.g. lindane and DDT, and combustion by-products (e.g. dioxin emissions from agricultural burning), accounting for in-situ human exposure and potential LRAT. Pesticide sales and use patterns may be used to interpret measured air concentrations (Tuduri et al., 2006) .
Alpine and highland zones
High-altitude sites share several features with high-latitude (or polar) sites which influence the atmospheric fate of POPs, including low temperatures, snow, ice and high winds, despite differences in their cold-trapping mechanisms (Wania and Westgate, 2008; Daly and Wania, 2005) . In addition, high-altitude sites can be densely populated (e.g. the Andes) and might be relatively close to sources (e.g. the Rocky Mountains in North America and the Alps in Europe).
Enhanced precipitation drives deposition along altitudinal gradients (Tremolada et al., 2008; Wania and Westgate, 2008) ; making mountains a transient storage area for POPs and other pollutants (Bogdal et al., 2010) . Distance to source is a key consideration in understanding high alpine regions being deposition traps for POPs.
Millions of people around the world live in highland areas with sources of POPs in close proximity (for example in Colombia, Bolivia, China, Italy and France). Due to enhanced deposition in alpine regions, highland inhabitants may be exposed to different quantities and types of POPs as compared to those in lowlands. Unfortunately, measurements of POPs in air in highly populated mountain areas are scarce (Liu et al., 2010; Levy et al., 2009) and there are only a few models that explicitly address mountain areas (Daly et al., 2007; Wegmann et al., 2006) .
Polar/remote zones
POP concentrations in Arctic and Antarctic air are usually very low (in pg m À3 ). However, once entered into the food web, POPs can accumulate to high levels in top predators which are a food source for local populations. There is also concern about increased resource exploitation and shipping emissions predicted for the Arctic which may result in higher POP emission in polar regions.
Polar regions and other low-population, non-industrialized remote regions act as a sink for many POPs that were never used there but arrived and deposited there by LRAT.
International collaboration on monitoring POPs in remote regions in past decades provides a global-scale understanding of LRAT of POPs. The experience and competence developed to monitor POPs in remote regions, such as the Arctic, can be very helpful for building monitoring strategies in other regions.
Perspectives on regional air monitoring
Different monitoring capabilities exist in areas with different economic situations and scientific infrastructure development, resulting in differing monitoring approaches in different regions. A global overview of air pollution by POPs is only made possible recently by the existence of effectiveness evaluation within the SC, involving many developing countries (de Boer and Fiedler, 2013) . Many sources and types of air pollution have common characteristics. Significant synergies can be found by dealing with them in an integrated and consistent manner.
'State of the Art' monitoring, indicators, and future research needs
Here, we propose a vision for an internationally-integrated strategic monitoring plan that includes (1) robust and long-term monitoring linked to (2) effective and transparent data management and quality assurance/quality control (QA/QC); and (3) effective tools (including models) and procedures to synthesize, assess, and interrogate the data for answers to policy-relevant questions. We propose a strategy to develop these three components in a balanced manner, based on existing monitoring efforts to ensure effectiveness of this plan; generating consistent and comparable data that can be applied globally, providing the foundation for developing and validating indicators.
Air monitoring of POPs and data management
Existing atmospheric monitoring programs provide at least one site located in each of the three zones in most regions of the world (Figs. 1 and 2) ; especially with the establishment of new networks and monitoring stations, particularly in East Asia and in the Southern Hemisphere where data were previously lacking. Only a few established programs (Fig. 1) can provide time series >10 years which is considerably shorter than for other air-quality-related pollutants. Monitoring must continue to assess long-term time trends to demonstrate the effectiveness of control measures. The UNEP Guidance Document for the GMP of the SC (UNEP, 2013 (UNEP, , 2007 provides technical guidance for monitoring core media (including air and human tissues) and is an important resource for regions where monitoring is deficient and for existing monitoring networks facing the challenge of including new POPs in their analytical lists.
The key to improving spatial coverage in all regions is to maintain a sufficient and viable number of sites in each representative zone, including a few remote sites, in each regional group. Improved coverage would be possible using passive air samplers.
Costing of monitoring efforts is essential for effective planning in future air monitoring. However, allocating exact costs is difficult as many steps are shared with other processes and depends on existing infrastructures (e.g. monitoring stations and analytical laboratories), which may be highly variable among regional groups.
Effective data management procedures, from data recording in instruments to local and global QA/QC, reporting, modeling and assessment, must be accounted for during capacity building, cooperation and costing. These tasks require entirely different competencies and modes of work from sampling and chemical analysis. UNEP with funding from the Global Environment Facility (GEF) and Strategic Approach to International Chemicals Management (SAICM) has conducted a capacity-building program to provide training in sampling and analysis in developing regions (Leslie et al., 2013) . Economic and technical support of threshold countries with financial constraints needs to continue and be extended to include data management to ensure the sustainability of a global monitoring network. The supporting systems could be managed and administrated through UNEP, GEF and SAICM.
Great efforts have been undertaken to archive and share POP monitoring data in large-scale databases [e.g data centers for the AMAP and EMEP, EBAS atmospheric database operated by the Norwegian Institute for Air Research (NILU), a recent database in the GMP network (http://www.pops-gmp.org/index.php)], which can facilitate information flows and be used as a foundation for deriving air quality indicators based on measured values. Developing a regional framework for air monitoring of POPs that uses existing monitoring facilities for air quality and meteorology would leverage synergies between monitoring programs and reduce cost. Several POP air monitoring stations are co-located at Global Atmospheric Watch (GAW) stations (Table A2 ). The GMP is incorporated into the Global Earth Observation System of Systems (GEOSS) 2012e2015 workplan. It is recommendable to partner with GAW and GEOSS and strive to expand such co-deployment to cover all regions. The goals are to develop baseline POP air concentration information in all regions, to better understand adverse effects of POPs and thresholds of concern, to develop and compare longrange transport and regional models, to associate existing emission inventories of other pollutants to suitable indicators for POPs (e.g. relationships between black carbon and certain POPs in air), and provide a foundation for new tools for air quality monitoring, modelling and management.
Emission as the environmental performance indicator for POPs
The most relevant indicator for the relative burden of POPs that a country or region contributes to the global atmosphere is the emission rate of POPs to the air in the region or country. Unfortunately, assembling emission inventories for POPs is difficult because the application and emission patterns of POPs are highly diverse and poorly characterized; and because market and usage data are very limited and sometimes undisclosed. Global-scale emission information that can be apportioned at the country level is only available for a few POPs, namely PCBs (Breivik et al., 2007) and technical hexachlorocyclohexane (HCH) (Li et al., 2000 Wöhrnschimmel et al., 2012) , and may involve large uncertainties (up to a factor of 10). More recently, a global gridded inventory for two congeners of pentabrominated diphenyl ether (PeBDE) (BDE 47 and BDE99) for 2005 has been compiled and evaluated with air monitoring data around the world (Li et al., 2010) ; however, this inventory is not yet publicly available. An Obsolete Pesticide Inventory (up to 2006) is available from the UN Food and Agriculture Organization but the inventory is reported as total mass per country and not compound specific.
Under the SC and other MEAs, extensive information on POP releases and emissions to air and other media has been compiled. This repository has limitations and gaps but is a relevant benchmark. Each party under the SC is required to complete a National Implementation Plan (NIPs), which includes POP inventories and, whenever possible, their estimated releases into the environment calculated using specific toolkits. Party reports and their reviews are publicly available (http://chm.pops.int/Countries/NationalReports/ SecondRoundofPartyReports/tabid/1315/Default.aspx).
Several cooperative processes are underway focusing on improving the assessment of releases. These are described in the SC website under "Implementation" (http://chm.pops.int/Home/ tabid/2121/mctl/ViewDetails/EventModID/7595/EventID/322/xmid/ 7598/Default.aspx).
Although not yet standardized, efforts toward harmonization of POP release inventories would help to establish emission as an indicator on a party/country level.
To complement and expand upon existing emissions information and include additional POPs, we suggest that a POP emission indicator could be derived by means of chemical fate and transport models that are used to back-calculate POP emissions from measured POP concentrations in air. This approach has been applied at the regional scale to lindane from the Great Lakes-St. Lawrence River region in North America (Ma et al., 2003) and to a range of chemicals that were measured in Zurich, Switzerland, as summarized by Bogdal et al. (2012) , and it can be transferred to other locations and expanded to other spatial scales.
We envision that POP measurements and models could be used in combination to estimate emissions based on studies at at least two spatio-temporal scales. First, campaign-based measurements over several days to a week in agricultural regions and urban and industrial centers of a range of countries would provide sufficient empirical basis to apply the regional-scale reverse-modeling approach that has been pioneered in the studies in Zurich (Bogdal et al., 2012) . Such studies would provide per-crop area, or percapita emission estimates for POPs that could be extrapolated to regions with similar characteristics as the study sites.
Second, POP measurements obtained by expanding passive air sampling networks to increase spatial coverage, together with strategically sited active air sampling sites to provide greater timeresolved concentration data, including particle-bound fractions, can be evaluated and compared against results from global-scale fate and transport models driven by emission estimates derived from the regional campaigns. Where disagreements between model results and monitoring data are found, there will be evidence of either an incomplete understanding of the processes controlling the fate and transport of specific POP(s), or of deficiencies in the emission estimates (Becker et al., 2011) . Combining monitoring and modeling will thus provide directions for further investigation of possible unidentified sources.
Adopting emissions determined by this combined monitoring and measurement approach as an EPI with respect to POPs will require confronting and overcoming the following conceptual challenges:
-Difficulties in accounting for e-waste emission of products used in one country and POPs being emitted during disassembly and disposal in another. In many cases the country of origin for e-wastes may not be traceable. -Similarly, assigning responsibility for POP emissions in products for export to another country is difficult. For instance, Asian-made furniture treated with PBDEs is exported to Africa where buyers never requested PBDE treatment.
Recommendations and path forward for POP air monitoring and modeling
By combining a global air monitoring network with continuously-improving global-and regional-scale POP models, it will be feasible to establish modeled emission rates as an EPI for POPs applicable at the country, region, or global level.
Key recommendations include: Investing in developing expertise in all aspects of air monitoring (including air sampling, chemical analysis, data management, international and regional interlaboratory comparisons, data QA/QC and interpretation) is important in ensuring the delivery of comparable and consistent scientific data. Such data is needed for building models, understanding global and regional transport, assessing changes in emissions over time and evaluating the effectiveness of control measures.
Co-locating POP air monitoring at existing monitoring stations for air quality and meteorology would reduce costs and allow for a better understanding of the relationship and transport properties of air quality co-pollutants (e.g. aerosols, ozone and POPs).
Facilitating data sharing with atmospheric pollutant data archives which include air monitoring data of POPs (e.g. AMAP/ EMEP database), providing a foundation for model and indicator development.
Increasing spatial coverage of air measurements with passive air samplers. Such measurements should be sustained and expanded. Passive samplers capable of sampling particle-phase compounds should also be explored.
Enhancing research into the stability of particle-bound chemicals is required. This is particularly relevant in urban areas of developing regions where significant increases in air-borne particles leads to increased human exposure (via inhalation) and deposition of POPs. The association of POPs with atmospheric particles may also increase their persistence in air by protecting them against atmospheric oxidants and result in enhanced atmospheric transport potential (Zhou et al., 2012) .
Supplementing existing monitoring programs with targeted measurement campaigns in designated source areas that, together with appropriate regional-scale modeling, will provide emission estimates that can be extrapolated to similar regions. Emission estimates derived from these campaigns should be used to drive global models. Results from these models can then be compared to long-term monitoring data to identify research needs and constrain emission rates and their spatial and temporal trends.
Using "Emission" as an EPI for POPs which allows countries to be compared based on their contribution to the burden of POPs in the global atmosphere. Due to the deficiencies in emission inventories for most POPs, we recommend that reversemodeling be used to back-calculate emissions from measured air concentration data. There is a need to build regional models that appropriately reflect the geographical and social configurations of different regions to reduce uncertainty in such emission estimates.
